The ICH E14 guidance on how to clinically assess a new drug's liability to prolong the QT interval was adopted in May 2005. A centre-piece of the guidance was the establishment of one single trial, the 'thorough QT/QTcstudy', intended to confidently identify drugs that may cause QT prolongation. Initially perceived as a great challenge, this study has rapidly become a standard component of all clinical development programs for new molecular entities. The study is normally conducted in healthy volunteers, includes both a positive and a negative (placebo) control and is stringently powered to exclude an effect on the QTc interval exceeding 10 ms. The E14 guidance was intentionally not very prescriptive and allowed sponsors and service providers to explore new methodologies. This has allowed for a rapid development of new methods during the first years after the guidance's implementation, such as computer-assisted algorithms for QT measurements. Regulators have worked in close collaboration with pharmaceutical industry to set standards for the design and conduct of the 'thorough QT/QTc study', which therefore has evolved as a key component of cardiac safety assessment of new drugs. This paper summarizes the requirements on the 'thorough QT/QTc study' with emphasis on the standard that has evolved based on interactions between regulators and sponsors and the experience from a large number of completed studies.
Introduction
QT prolongation and proarrhythmias have been one of the most common reasons for withdrawal of drugs from the market (Shah, 2002a,b) and the list of compounds includes most therapeutic areas (Darpo, 2001; Yap and Camm, 2003) .
In addition, QT prolongation has also resulted in many drugs (e.g. moxifloxacin, vardenafil, alfuzosin and ziprasidone) having precautionary statements in the label (Strnadova, 2005) . The incidence of drug-induced proarrhythmias with non-cardiovascular drugs is very low and estimates have ranged from approximately one in 100 000 patients for cisapride to substantially lower numbers (Wysowski and Bacsanyi, 1996; Darpo, 2001; Barbey et al., 2002) . Even though a rare event, the potential outcome is serious and includes sudden death and even a small risk is therefore unacceptable for drugs intended to treat benign conditions. A drug with the propensity to prolong the QT interval may still be approved for more serious conditions as the small risk can be balanced by a benefit not otherwise achieved. It is, however, increasingly apparent that even for these drugs, including oncology agents, there is an expectation that the risk of QT prolongation should be adequately addressed during development (Sarapa and Britto, 2008; Rock et al., 2009) .
The 'International Conference on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use' (ICH) issued the E14 clinical guidance in May 2005: 'The Clinical Evaluation of QT/QTc Interval Prolongation and Proarrhythmic Potential for Non-Antiarrhythmic Drugs' (ICH Harmonized Tripartite Guideline E14, 2005) . The guidance was quickly implemented in Europe and in the United States but has yet to be implemented in Japan. The centre-piece of the guidance is the 'thorough QT/QTc study' (TQT), which is a dedicated study with the primary objective to quantify the effect of a new molecular entity (NME) on the QT interval. In 2007, the US Food and Drug Administration (FDA) formed an Internal Review Team (IRT) with responsibility to oversee the clinical assessment of QT prolongation for all drugs that the agency reviewed. The IRT acts in an advisory function to the therapeutic divisions and reviews all protocols and reports for TQT studies and advises on QT assessment in other clinical trials. In addition to interactions with the sponsors on individual drugs or on methodologies, individual members of the IRT have shared their experience at various meetings (e.g. DIA meetings) and through publications (see e.g. Garnett et al., 2008) . A similar advisory function that industry can interact with on a continuous basis does in practice not exist in Europe or in Japan. To date, the IRT has reviewed more than 100 TQT studies (n = 112, 9 April 2009) and obtained an unparalleled experience. The establishment of the 'FDA ECG warehouse' (Sarapa, 2007) , to which all electrocardiograms (ECGs) from TQT studies should be submitted as annotated xml files, has also further facilitated FDA's analyses across studies and some of the results thereof have been shared publicly.
Based on the experience from a large number of completed studies, of which only a small fraction has been published (Table 1) , and on the interactions between regulators and sponsors, a standard for TQT studies has evolved since the implementation of the E14 guidance 4 years ago. In line with this, clarifications to the guidance have been issued by the E14 Implementation Working Group as a Questions & Answers document (ICH E14 Q&A, 2008) . It should be clearly acknowledged that there is more than one way to conduct a perfectly acceptable TQT study and that there still are some important areas, which are debated and for which there is no simple answer at this stage. We can therefore expect further changes to the way these studies are conducted. With this in mind, this paper describes the standard for TQT studies that has evolved since E14's implementation 4 years ago.
The thorough QT/QTc study
The objective of the TQT study is to confidently exclude that a drug prolongs the QTc interval 10 ms or more at the onesided upper 95% confidence limit. It is not to establish to which extent a drug is proarrhythmic but to identify those drugs, which need a more careful assessment of this liability in the targeted patient population. Drugs with a positive TQT study, that is, for which an effect exceeding 10 ms cannot be exclude, therefore need additional ECG monitoring in patients (Darpo et al., 2006b; Vik et al., 2008) .
Timing of the TQT study
There is no request per se on when the TQT study should be performed but it is advisable to conduct the TQT study well before pivotal trials are undertaken to establish whether additional ECG monitoring is needed. It is also imperative to have sufficient knowledge of the pharmacokinetic profile of the drug, as the exposure in the TQT study should substantially exceed that observed in patients, including patients with impaired clearance of the drug (see below). The timing of the TQT study within a clinical development program will also be influenced by other factors, such as:
• The outcome of the non-clinical safety assessment: In line with ICH S7B, all candidate drugs undergo a careful nonclinical evaluation, which at a minimum includes an in-vitro hERG channel assay and an in-vivo evaluation of ECG effects in, for example, dogs on non-human primates Four years with the TQT study
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(for a detailed discussion, see Pugsley et al., 2008) . At present, a negative non-clinical package does not obviate the need for a TQT study, even though this may change based on ongoing initiatives to evaluate the predictive value of non-clinical assays performed at today's standards (Hanson et al., 2006; Trepakova et al., 2009) . For these drugs, it will in most cases be sufficient to perform the TQT studies during the latter part of phase 2. For a drug with an unambiguous non-clinical signal, it may be important to exclude that a non-clinical signal translates into a clinical effect relatively earlier, to avoid costly investments into a program that may become non-viable with a clinical QT liability; • Severity of indication: A small QT effect may be acceptable for life-threatening disorders, particularly when no other therapy exists. In these cases, it may be preferable to conduct the TQT once some data on the clinical benefit of the drug has been obtained.
• Previous experience with the pharmacological class versus novel mode-of-action: Clearly, there have been advancements in the ability to design out hERG inhibition, which primarily is related to the chemistry of the NME (Leeson and Springthorpe, 2007) . Despite this, NMEs from certain pharmacological classes, for example fluoroquinolone antibiotics, still often demonstrate QT liability. For such classes, it may be advisable to perform the TQT relatively early in the program.
The E14 guidance describes which inclusion and exclusion criteria that should be used before the results from the TQT study are available and the impact of these results on the subsequent development program. The guidance leaves to the sponsor to decide the timing of the TQT study and this has not been changed by practice or by clarifications.
Role of the positive control (PC)
The role of the PC is to demonstrate the study's ability to detect a small effect on the QT interval. In an overwhelming majority of TQT studies, moxifloxacin, a fluoroquinolone antibiotic with a mild QT prolonging effect (Culley et al., 2001; Bloomfield et al., 2008) has been used, even though individual examples of other drugs, such as low-dose infusion of ibutilide and sparfloxacin, exist. In most studies, moxifloxacin has caused a larger peak effect than 5 ms, more in the range of 8 to 15 ms (Garnett, 2008) . How assay sensitivity should be established based on the QTc effect caused by moxifloxacin has been widely discussed and was clarified through the E14 Q&A document (ICH E14 Q&A, 2008) . The answer on Question 1 states that there are two conditions that need to be fulfilled to establish assay sensitivity: the first is that the PC must cause a significant effect on the QTc interval, that is, the lower bound of the onesided 95% confidence interval (CI) of the placebo-corrected QTcF must be above 0 ms. This confirms that the TQT study can detect an increase in QTc, which is essential for the conclusion that a negative finding for the NME is meaningful. The second condition is that the study should be able to detect an effect of about 5 ms (the QTc threshold of regulatory concern), in case there is such an effect. Two approaches can thereby be taken: (i) the most widely used approach has been to use of a PC with an effect size greater than 5 ms, such as moxifloxacin, whereby an effect significantly greater than 5 ms must be demonstrated (i.e. lower bound of one-sided 95% CI should be above 5 ms; Figure 1 ). The document, however, cautions against using PCs with too large an effect, which may lead to the questioning of the study's ability to detect a 5 ms QTc prolongation. If this is the case, the effect of the PC can be examined at times other than the peak effect to determine whether an effect close to the threshold of regulatory concern could be detected. (ii) The other approach is to use a PC with a peak effect close to 5 ms, in which cases the lower bound of the one-sided 95% CI must be >0. When using this approach, the sponsor needs to be confident that this small effect can be repeatedly reproduced, that is, to have a reasonably precise estimate of the drug's usual effect. Lastly and importantly, the answer states that the effect of the PC should be 'reasonably similar to its usual effect' in other TQT studies, in terms of peak effect (size and time point) and time course of the effect. If, as an example, the peak effect of moxifloxacin is around 5 ms, which would suggest an underestimation of the effect, questions regarding assay sensitivity can be raised and the interpretability of a negative finding for the NME could be questioned.
In practice, the IRT has adopted a pragmatic approach in terms of assay sensitivity based on the moxifloxacin response. Assay sensitivity based on the QTc effect of 400 mg oral moxifloxacin has been established if:
1. the largest baseline-adjusted, placebo-corrected effect on QTcF is about 8 to 15 ms; 2. the peak effect is observed between 1 and 3 h post-dose; Examples of the effect induced by moxifloxacin: Baselineadjusted, placebo-corrected QTcF after oral dosing of 400 mg moxifloxacin in a TQT study, measured with an automated and a fully manual measurement technique. With both techniques a peak effect of approximately 14 ms was seen 2 h after dosing, at which time the lower bound of the confidence interval clearly exceeded 5 ms. With the automated technique, QTcF thereafter declined, whereas with the manual, a second peak was seen at 8 h. Bars represent two-sided 90% confidence interval. QTcF, QT heart rate corrected according to Fridericia; TQT, thorough QT/QTc.
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If these criteria are fulfilled, a negative result for the NME can be accepted.
Importantly, the same definition has been used and accepted when novel methodologies for, for example, interval measurements (see below) have been reviewed and discussed by the IRT. The consistent use of one PC, moxifloxacin, has thereby facilitated the conduct of and the comparison across several TQT studies and has supported the emergence of novel, more efficient ECG methodologies.
Design considerations

Treatment arms/groups
As within-subject variability is lower than between-subject, a crossover-designed TQT study is more efficient than a paralleldesigned and requires a smaller sample size to exclude an effect. This was pointed out in the E14 guidance and has been underlined by the IRT on several occasions . In certain instances, such as with drugs that need to be dosed for a week or more either to obtain steady state or because of dose-titration, a parallel-designed study is, however, preferable. The most stringent approach is then to have a separate treatment group for both placebo and the PC, which initially was requested by the IRT. This is, however, an ineffective design in which subjects in two full treatment groups are not dosed with the NME, which corresponds to 50% of participating subjects if a therapeutic and a supra-therapeutic dose is used (resulting in four treatment groups of the same size). Alternative designs have therefore been used, such as dosing the PC either early or late in the placebo-arm (see e.g. Zhang et al., 2007) . A downside with, for example, lead-in dosing with the PC is that assay sensitivity is not established on the same day as the effect of the NME. Furthermore, and this also applies to dosing of the PC at the end of the placebotreatment period, assay sensitivity is established as DQTc (QTc on PC -QTc on placebo either on preceding day or at baseline), whereas the effect of the NME is based on DDQTc for the drug (baseline-adjusted, placebo-corrected). Recently, Joanne Zhang, lead statistician on the IRT, therefore suggested a 'nested crossover' design for these studies with a joint placebo/PC group, which will achieve a substantial reduction of the sample size (Zhang, 2009) . In half of the subjects in the placebo/PC group, the PC is dosed on the first day of treatment and in the other half on the day after the last treatment day. In the example given in Figure 2B , double-blind treatment with either the NME or placebo is administered for 14 days between Day 1 and Day 14. The PC is therefore dosed on Day 1 and on Day 15 in each half of the subjects in the placebo group.
Calculation of DDQTc for moxifloxacin (demonstration of assay sensitivity) is then performed as follows: for the half, in which the PC is dosed on Day 15 (placebo/PC arm), the change-from-baseline (DQTc) for the PC is calculated as: QTc Day15 minus QTcDay1. The placebo DQTc for this half is calculated as: QTcDay0 minus QTcDay14. For the other half, in which the PC is dosed on Day 1 (PC/ placebo arm), the DQTc is calculated as: QTcDay1 minus QTcDay15. The placebo DQTc for this half is calculated as: QTcDay14 minus QTcDay0.
The baseline-adjusted, placebo-corrected QTc (DDQTc) for the PC is then calculated as the average of the two arms.
Calculation of DDQTc for the NME is performed the same way as with a traditional parallel-designed study: in this example, QTc on Day 14 is compared with values on baseline (Day 0) for both the NME and placebo.
This design has not yet been widely tested, but seems to represent a useful approach that achieves the same sample Schematic outline of a 'nested crossover' design in a parallel TQT study. Panel A shows a parallel-designed TQT study with separate treatment group for a supra-therapeutic and a therapeutic dose of the NME, for placebo and for the positive control (PC), resulting in four groups. The NME and placebo are administered for 14 days (Day 1 through Day 14) and the primary assessment is performed on Day 14. In group 4, placebo is given on Day 1 through Day 13 and the PC (moxifloxacin, PC) on Day 14. QTc on Day 14 is baseline-adjusted by subtracting values on Day 0 in all groups. Four treatment groups with equal allocation results in 4 ¥ 40 = 160 subjects. Panel B shows the 'nested crossover' design applied to the same example, in which the effect of the NME is evaluated after 14 days of dosing. In Group 1 and 2, the NME is given on Day 1 to Day 14. The joint placebo-PC treatment group (Group 3) is divided into two arms with half the subjects in each. In the PC/placebo arm, the PC is given on Day 1 followed by placebo to Day 15. In the placebo/PC arm (bottom), placebo is given on Day 1 to Day 14 and the PC on Day 15. NME, new molecular entity; PC, positive control; TQT, thorough QT/QTc.
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size reduction as the 'lead-in design' but without this design's weaknesses. It should be noted that there is a prize for the reduction of the sample size: the number of ECGs in each treatment group is roughly doubled (two additional assessment days) and the PC has to be blinded to avoid unblinding of the placebo treatment, which otherwise is not any longer a requirement (see below).
Blinding of the PC
The experimental conditions of the TQT study must be stringently controlled and study procedures identical between treatment arms/groups. As an example, blood draws (which always should be performed immediately after the ECG recording to avoid confounding stress) should be performed in all treatment periods, even though the samples from the placebo and PC may not be analysed. A rationale for storing samples from the PC arm can be that pharmacokinetic data sometimes can help explain unexpected results, such as a small moxifloxacin effect based on low peak plasma levels (as has been the case in some studies utilizing encapsulation of the drug). Awareness of treatment may introduce a confounding effect on the QT interval and double-blind administration of placebo/NME is therefore an absolute requirement that has remained. Initially, the IRT also mandated blinding of the PC. As an illustration of the analyses that FDA can perform across TQT studies, Christine Garnett from the IRT presented data from TQT studies that had used blinded or open-label moxifloxacin at the April 2008 DIA meeting (Garnett, 2008) . The conclusion from this analysis was that assay sensitivity using moxifloxacin could be achieved with either approach; that is, the QTc effect was very similar. In some cases with overencapsulated moxifloxacin, the QTc effect was, however, unexpectedly small, which likely was caused by altered pharmacokinetics of the drug due to the encapsulation. The IRT has thereafter accepted the use of open-label moxifloxacin in TQT studies and the same recommendation was later made in the Q&A document by the ICH E14 Implementation Working Group (IWG) [Question 7 (ICH E14 Q&A, 2008) ]. Exceptions will exist, where the PC needs to be blinded, such as the nested crossover design discussed above, in which open-label moxifloxacin would effectively also unblind the placebo group.
Sample size
When calculating the sample size for the TQT study, it is important to evaluate at the variability of similar studies preferably performed at the same clinical site using the same ECG techniques and central ECG laboratory. It also seems prudent to assume that the NME has some effect on the QTc interval, for example 2 to 3 ms and to use 90% power. With these assumptions and the variability obtained from a trained clinical site and an experienced central ECG laboratory using a standard measurement technique, sample sizes between 32 and 48 subjects for a crossover study or per group in a paralleldesigned TQT study has often been sufficient.
ECG assessment
As pointed out, pharmacokinetic properties of an NME should be well known when the TQT study is conducted and ECG acquisition and blood samples should be timed to ensure that the peak plasma concentration of the drug (and of the PC) and major metabolites are covered. In many cases, this can be achieved with six to eight time points, and it is worth bearing in mind that the objective of the study is to exclude a QTc effect: the likelihood of false positive findings increases with the number of assessed time-points, which should be factored into the decision.
Although there may theoretically be an advantage to demonstrate assay sensitivity at the same time of the day as when the peak effect of the NME is expected, this has not been a requirement. In most TQT studies, moxifloxacin has been dosed in the morning and the peak effect has been observed 1 to 3 h thereafter. ECG recordings must be performed identically in all treatment groups/arms, but analysis of the moxifloxacin induced effect can be restricted to time points covering the peak effect and a few time points thereafter, for example from 1 h to 6 h post-dosing.
Averaging replicates of ECG recordings from each time point is today standard as it substantially reduces the variability of the QT measurement. There are several data sets that demonstrate that this reduction of variability is pronounced up to triplicates and then levels off (an example is given in Patterson et al., 2005) and most sponsors today use triplicate ECG recordings at each time point.
In the answer to Question 2 in the E14 Q&A document (ICH E14 Q&A, 2008) it is recommended that ECGs are measured blindly in regard to subject, time and treatment to reduce potential bias. More recently, the IRT has asked that all ECGs from an individual are measured by a single reader on 1 day. Analysis of T wave morphological changes, which sometimes is performed by comparison with baseline, can be performed after the QT analysis and can also be blinded to treatment.
Study population
The concept that underlies the TQT study is that if a drug has a QT prolonging effect in patients (and consequently may be proarrhythmic), then this effect can be demonstrated in healthy volunteers, if sufficiently high doses of the NME are given. The intention of the TQT is not to study whether a QTc effect is larger in any specific subpopulation, such as females or certain ethnicities. There is therefore no expectation on gender balance or inclusion of different ethnicities in the TQT study. It is well described that women are at a higher risk for the development of proarrhythmias caused by drugs with an effect on cardiac repolarization (Makkar et al., 1993; Ebert et al., 2000; Bednar et al., 2002) . Women have a somewhat longer QTc interval than men (Burke et al., 1997; Rautaharju and Zhang, 2002; Sarapa et al., 2004) and it has been shown that the degree of drug-induced QTc prolongation may vary in different phases of the menstrual cycle (Rodriguez et al., 2001) . It would therefore seem reasonable to assume that women also react with a larger degree of QTc prolongation than men at the same plasma exposure of a drug. There are a few examples in which this has been demonstrated (Benton et al., 2000; Rodriguez et al., 2001; Shin et al., 2007) but the overall pattern is less consistent. As an example, no difference Four years with the TQT study B Darpo 53 in concentration -QTc effect profile by gender was observed in a recent analysis of a large number of patients treated with dofetilide (personal communication, Dr P Wicker, previously Pfizer). Based on the variable drug response that women may exhibit during different phases of the menstrual cycle, it can even be argued that the precision of the TQT study would increase by using men only. This topic could quite easily be studied by any sponsor that has performed a number of TQT studies, but other considerations, such as the feasibility of recruiting healthy volunteers are often more important than a slight reduction of the number of enrolled subjects.
Baseline assessment
In crossover-designed TQT studies, a baseline assessment can be made either through time-matched recordings on a full baseline day before each treatment period (time-matched baseline) or through a limited number of recordings (e.g. three time points) before each period (predose baseline). Based on the experience from several sponsors (Bloomfield et al., 2008) , core ECG laboratories and the IRT , it is usually not necessary to use a time-matched baseline in crossover studies, because adjustments for subject-and studyspecific diurnal variation are accounted for in the assessment of time-matched drug-placebo differences in QT/QTc effect. The 'pre-dose' baseline is therefore regarded as adequate for crossover studies [Question 6 in E14 Q&A document (ICH E14 Q&A, 2008)]. For parallel-designed TQT studies, a full baseline day is still the most widely used approach and baselineadjusted DQTc is then calculated by comparing the QTc value for each time point at baseline and post-dosing ('timematched'). There are some data (Darpo, 2008) , however, suggesting that results would be the same and the variability lower if baseline was generated through averaging of all values from a full baseline day. More research and analyses across TQT studies can be expected on this topic.
Dose
A high, supratherapeutic dose of the NME, which results in an exposure in excess of what would be observed in patients with impaired clearance of the drug, should be used in the TQT study. In most cases, a therapeutic and a supratherapeutic dose have been studied. An interesting design was recently used in a TQT study with raltegravir, a HIV-1 integrase inhibitor, in which a single, supratherapeutic dose only was used (Iwamoto et al., 2008) . This approach will obviously be sufficient if the result is clearly negative. Most sponsors tend, however, to also include the therapeutic dose, in case the high dose is 'slightly positive'. It can be argued that the effect of the therapeutic dose can be estimated by concentration effect modeling, but this has so far not gained wide acceptance.
There is no requirement per se on dosing to steady state of the NME and single-doses can be used in the TQT study, provided that a sufficiently high exposure of both parent and major metabolites can be achieved. If there are slowly appearing metabolites, which require many days of dosing to obtain steady state or sufficiently high exposure, multipledosing is warranted. The same applies to NMEs that need to be dose-titrated to reach targeted dose-levels due to tolerability issues.
There are instances when supratherapeutic or even therapeutic doses cannot be tested in healthy volunteers due to toxicity of the drug (e.g. chemotherapeutics) or tolerability issues (e.g. neuroleptics or dopamine agonists). These drugs are not waived from the requirement of a careful clinical QT assessment, which then has to be performed in patients (Sarapa and Britto, 2008; Rock et al., 2009) , either as a designated study or as part of a larger one. The challenges associated with TQT studies performed in patients are numerous and are related to many factors, including number of sites, training of investigators, higher incidence of cardiovascular disease and thereby larger variability of ECG measurements. There are a few examples, however, of successful 'TQT-like' studies which could be conducted in a relatively limited patient population (66 patients on drug and 64 on placebo) due to stringently controlled experimental conditions (Malik et al., 2008) .
Heart rate correction
There are numerous ways of correcting for changes in heart rate to obtain the corrected QT interval, QTc and no clear consensus on which is the preferred algorithm (Malik, 2001) . The limitations of Bazett's QT correction (QTcB) are widely acknowledged, as this algorithm overcorrects the QT interval with increasing heart rate, thereby producing false positive QTc prolongation. Even so, it is still a requirement that QTcB should be reported to allow for comparison with historical data. For drugs without clear effect on the heart rate, it has been the experience of the IRT and of many sponsors that QTcF works well . For these drugs, there does not seem to be much of an advantage to use the subject-specific QTcI, which is derived from the QT/RR slope from each individual in the drug-free state. Furthermore, the derivation of QTcI is sometimes used to justify an additional full baseline day in crossover-designed studies, which is difficult to defend if there is no added value of using this algorithm.
Drugs with an inherent effect on the heart rate are much more challenging to study in TQT studies and there is not yet much experience with these and no firm guidance. The Cardiac Safety Research Consortium (http://www.cardiacsafety.org/) is a collaborative think tank with members from the FDA, academicians and pharmaceutical industry, has initiated a white paper on the topic, which will summarize current knowledge and outline future areas of research. Methods for heart rate correction of the QT interval that will be described in the white paper include 'Holter-bin' (Badilini and Maison-Blanche, 2005; Extramiana et al., 2005; Malik, 2005) , QTcI derived from a broad range of QT/RR pairs through continuous Holter recordings at baseline, beat-tobeat analysis (Fossa et al., 2005; , PK/PD modeling with heart rate as a covariate (Li, 2008) and assessment of the QT interval at a fixed heart rate through, for example, submaximal exercise (Demolis et al., 1996; . Ideally, these and potentially other methods should be tested on common datasets derived from TQT studies with NMEs with an effect on the heart rate and with and without effect on cardiac repolarization. Looking ahead, this could potentially be achieved through the FDA ECG warehouse, if data on the NMEs were to be de-identified and released.
Emerging methods for QT interval measurements
The use of ECG interval measurement methods, which are either 'fully manual' or use some degree of 'manual adjudication', that is, measurements made by an computer-based algorithm are reviewed and corrected as needed, are currently recommended for trials in which QT assessment is an important objective, for example the TQT study [see Question 4 A and B in Q&A document for summary of methods and recommendations (ICH E14 Q&A, 2008) ]. For NMEs with a positive TQT study, the same methods are also recommended for ECG assessment from a subset of patients in late stage trials (see also Section 2.3 in E14 document). When the TQT study is negative, it is deemed adequate to perform the routine ECG monitoring in subsequent trials with automated ECG methods.
Evidently, automated measurement techniques, provided these are proven reliable for the detection of small QT changes, would represent an important opportunity to conduct TQT studies more efficiently, as both 'fully manual and manually adjudicated' techniques are laborious and resource intensive. The utility of fully or partially automated measurement techniques has been compared with manual techniques in a number of studies and these techniques have been shown to produce similar results when tested on drugs with a QT prolonging effect (Azie et al., 2004; Sarapa et al., 2004; Darpo et al., 2006a; Fosser et al., 2009; Sarapa et al., 2009a) . It has also been shown that different techniques generate different absolute QT intervals (Kligfield et al., 2006; Kligfield et al., 2007) , and that some automated techniques consistently demonstrate the same QTc effect measured as change from baseline as manual techniques. The absolute QT interval is of interest in clinical assessment of, for example, QT prolongation but less important when change from one time point to another is the main objective, as in TQT studies. Even so, concern exists regarding the ability of automated methods to identify individual patients with drug-induced changes in T-wave morphology. The E14 Q&A document (Question 4B) therefore recommends that if a fully automated technique without visual assessment of the T-wave morphology is used, the technique should undergo validation studies, which must include ECGs with T-wave abnormalities. In this context, it can be noted that automated algorithms in fact are able to improve the detection of subtle T-wave changes, induced by, for example, moxifloxacin (Couderc et al., 2008) . Access to ECG waveforms from TQT studies from the FDA ECG warehouse has facilitated the testing of novel, highly automated algorithms for QT interval measurements. Using these data sets, emerging, methods have been shown to reproduce the moxifloxacin QTc effect in a way that is consistent with the E14 requirements (Couderc and Zareba, 2009) . Some methods also support the reader to determine which QT interval should be overread, through 'confidence scores', which identifies T-waves that fall outside templates that are produced on baseline recordings (Sarapa et al., 2009b; Strachan et al., 2009) . This is a highly dynamic area and it can be foreseen that the role of automated QT algorithms will dramatically increase during the next coming years, not only to replace manual QT measurements but also to improve the detection of subtle T-wave changes.
Conclusion
Four years have now elapsed since the ICH E14 guidance on the clinical assessment of QT prolongation was adopted. The guidance was quickly implemented in the United States and in Europe and substantial experience with these studies has now been gained by regulators and sponsors. The total number of TQT studies, which have been submitted to the FDA ECG warehouse today exceeds 100. The requirements on the TQT study have been modified and clarified through iterative interactions between the FDA's IRT and sponsors and through a Q&A process driven by the IWG. Modifications to the initial E14 guidance include that the PC does not need to be blinded; the PC does not need to be in a separate treatment group in parallel-designed studies and how assays sensitivity is defined by the moxifloxacininduced QTc response.
